We describe a fast and robust new assay format to measure poly(A) polymerase (PAP) activity in a microtiter plate format. The new assay principle uses only natural nucleotide triphosphates and avoids a labour-intensive filtration step. A coupled enzymatic system combining PAP and reverse transcriptase forms the basis of the assay. The PAP generates a poly(A) tail on a RNA substrate and the reverse transcriptase is used to quantify the polyadenylated RNA by extension of a biotinylated oligo-dT primer. We demonstrate the principle of the assay using influenza virus RNA polymerase and yeast PAP as examples. A specific increase in the K m value for ATP and the observation of burst kinetics in the polyadenylation dependent, but not in the polyadenylation independent, assay suggest that a rate limiting step of influenza polymerase activity occurs after transcription elongation. Yeast PAP was used to validate the assay as an example of a template independent PAP. The new yeast PAP assay was ∼100-fold more sensitive than the conventional TCA precipitation assay for yeast PAP, but the kinetic analysis of the PAP reaction gave similar results in both assays. The two enzymes show important differences with respect to inhibition by 3′-deoxy-ATP. Whereas the K i value for 3′-deoxy-ATP (105-117 µM) is similar to the K m value for ATP (186 µM) in the case of influenza RNA polymerase, the K i value for 3′-deoxy-ATP (0.4-0.6 µM) is ∼100-fold lower than the K m value for ATP (50 µM) in the case of yeast PAP.
INTRODUCTION
Polyadenylation is an important feature of mRNA recognition in eukaryotic cells. Poly(A) tails on mRNA molecules are involved in the regulated processes of nuclear export, translation and mRNA degradation (1) (2) (3) (4) (5) (6) . Polyadenylation of mRNA molecules also occurs in prokaryotes and contributes to the regulation of mRNA stability (7) . The regulated process of mRNA polyadenylation is carried out within a complex of many protein subunits in close coordination with cleavage site recognition and endonucleotic cleavage of nascent mRNA 3′-ends (8) (9) (10) . Eukaryotic poly(A) polymerases (PAP) are monomeric proteins that contain the catalytic sites for the synthesis of poly(A) tails. Isolated PAP proteins are catalytically active, but are unable to recognise specific polyadenylation sites on mRNA precursor molecules. Instead, they can use most RNA molecules as primers to generate poly(A) tails in a template independent fashion (11) (12) (13) .
Poly(A) tails can also be generated in a template dependent manner. This mechanism of polyadenylation is thought to be used by a number of RNA viruses including influenza virus, a RNA virus with a genome of single-stranded RNA segments (14) . Replication of the genomic RNA and production of influenza virus mRNA occurs in the nucleus of infected cells. A virus encoded RNA template dependent RNA polymerase harbours the catalytic functions required for transcription and replication of the viral genome. The functional unit of viral transcription and replication is a ribonucleoprotein particle (RNP). The RNP consists of the polymerase bound to a genomic RNA segment, with multiple copies of nucleoprotein bound to the single-stranded RNA (14) . The influenza virus polymerase produces capped and polyadenylated mRNAs to ensure their efficient nuclear export and translation in the host cells. In contrast to eukaryotic polyadenylation by PAP, influenza virus appears to use a template dependent mechanism of generating poly(A) tails (15) . The influenza virus polymerase contains an associated endonuclease activity, which is required to generate a capped RNA primer from a capped RNA precursor molecule. The polymerase then initiates transcription on the capped RNA primer. A transition between transcription initiation and elongation is apparent early in the transcription process as indicated by an accumulation of short, abortive transcripts, before the polymerase becomes highly processive (16) . During transcription elongation the polymerase extends the capped primer until it reaches a termination *To whom correspondence should be addressed. Tel: +44 1707 361085; Fax: +44 1707 332053; Email: klaus.klumpp@roche.com signal, a conserved oligo(U) stretch close to the 5′-end of the viral RNA template. The influenza polymerase then adds a poly(A) tail to the 3′-end of the nascent viral mRNA by reiteratively copying the oligo(U) stretch (15, (17) (18) (19) . In accordance with this mechanism, the oligo(U) stretch has been shown to be essential for the expression of a reporter gene from viral RNA analogues (15, 20, 21) .
Importantly, influenza virus polymerase has been shown to interact strongly with a conserved viral genomic RNA (vRNA) 5′-end sequence just upstream of the conserved oligo(U) stretch (22) (23) (24) (25) . This finding supports the model that influenza polymerase remains bound to the conserved 5′-end during transcription while copying the vRNA from the 3′-end. In this way, once transcription reaches the oligo(U) stretch, the polymerase's concomitant interaction with the proximal conserved 5′-end could cause continuous polymerase slippage and reiterative copying of the oligo(U) track (15, 19, 20, 22, 23, 26, 27) .
Several assay types have been used to study RNA polymerase and PAP activities in vitro, but most require multiple steps and are labour-intensive. In addition, for radioactive read-out assays, the concentration of the labelled substrate is usually suboptimal. Many homogeneous, single-tube assay formats rely on modified nucleotides or primers, which can influence the interaction of substrate with the polymerase protein under study. We have therefore developed a singletube PAP assay, which uses only natural substrates at optimal concentrations and is adaptable to high throughput kinetic or screening analysis. For yeast PAP the assay is significantly more sensitive and robust than a comparable acid-precipitation and filtration based protocol. In the case of influenza virus polymerase, it is the first single-tube assay that encompasses all enzymatic activities including cap-dependent endonuclease, transcription and polyadenylation activities in a single reaction read-out.
MATERIALS AND METHODS

Materials
Influenza virus A/PR/8/34 RNPs were prepared from purified influenza virus particles on glycerol gradients as described (28) . Protein preparations were analysed for purity by SDS-PAGE and protein concentration was estimated from OD measurements and Bradford analysis as described (28) . Yeast PAP and streptavidin coated scintillation proximity assay (SPA) beads were from Amersham Pharmacia Biotech. Alfalfa mosaic virus (AMV) RNA was kindly provided by Prof. John Bol (Leiden University, The Netherlands). Biotinylated oligo(dT) 20 and Expand reverse transcriptase were from Roche Molecular Biochemicals. Rabbit globin mRNA was purchased from Life Technologies.
Enzyme assays
TCA precipitation assay. The TCA precipitation assay for influenza polymerase was modified from a previously published protocol (16) . Unless stated otherwise in the figures, 0.5 µg purified RNP protein (1.7 nM) was incubated for 90 min at 30°C in a final reaction mixture containing 10 ng/µl AMV RNA, 500 µM ATP, 50 µM CTP, 50 µM GTP, 2 µM UTP and 0.44 µM [3 H 20 , 60 µM each dATP, dCTP, dGTP and 0.15 µM [3 H ]TTP in buffer B] was then added and the plate transferred to 42°C for 60 min. The reactions were stopped and the product captured by adding 50 µl streptavidin coated SPA beads at 10 mg/ml, which had been reconstituted in 100 mM NaCl, 10 mM Tris-HCl pH 8, 75 mM EDTA and 0.02% sodium azide. The samples were measured on the plates in a Wallac microbeta scintillation counter.
Yeast PAP assays were performed essentially as described for influenza polymerase, except that the reactions were carried out in buffer Y and the plates incubated at 30°C for 30 min, before adding the Expand RT poly(A) detection mix. Typically, 0.08-0.2 U of enzyme were used in 50 µl reactions. The analysis of products by scintillation proximity was as described for influenza polymerase.
Data analysis, poly(A) SPA assay. The background signal in the absence of RNP or PAP was measured in triplicate per plate and the averaged value was subtracted from the triplicate averaged enzyme signal before further data analysis. K m values for the polymerase substrates were determined by non-linear fitting of hyperbolic progress curves to the data using SigmaPlot 5.0. K i values were determined by non-linear fitting of dose response curves to the data using the kinetic constants determined previously using SigmaPlot 5.0 or Microsoft Excel 97. Alternatively, K i values were determined using linear Dixon plot analysis (after plotting 1/activity versus inhibitor concentration).
Influenza polymerase transcription elongation assay. The transcription reactions were done in the same way as described previously (29) using 1 nM RNP, 0.1 nM cap-labelled G11 RNA, 10 µM CTP, GTP and UTP and 100 µM ATP. The reaction products were analysed by 20% urea-polyacrylamide gel electrophoresis.
RESULTS
Poly(A) SPA assay principle
The principle of the SPA assay format for poly(A) polymerases is described in Figure 1 . The polymerase uses ATP to generate a poly(A) tail on a RNA molecule provided in the reaction (step i). In the case of influenza RNP, the polymerase will generate the RNA molecule as well as the poly(A) tail from a capped RNA primer in the presence of all four NTPs. Biotinylated oligo(dT) 20 oligonucleotide hybridises to the poly(A) tail under the assay conditions and is elongated by reverse transcriptase in the presence of dNTPs, one of which is radioactively labelled (step ii). The reverse transcription reaction is stopped by the addition of EDTA and streptavidin coated SPA beads (step iii). The amount of reverse transcriptase product is then directly determined by scintillation counting, as the SPA technology does not require the separation of unincorporated substrate from the product (30) . The polyadenylated RNA generated by the PAP serves as a template for the reverse transcription by Expand-RT. Therefore, the radioactivity incorporated into the reverse transcriptase product is directly related to the amount of poly(A) RNA from the first part of the reaction. To verify this relationship we measured the reverse transcriptase reaction with SPA read-out in the presence of increasing amounts of polyadenylated rabbit globin mRNA. As expected, the RT-signal was directly related to the amount of globin mRNA in the assay (Fig. 2) . The reverse transcription activity on RNA molecules lacking poly(A) tails was significantly lower under the optimised assay conditions (Fig. 2 , AMV RNA), at concentrations of non-polyadenylated RNA up to 240 nM (Fig. 2, inset) . Also, only background levels of RT activity were detected in the absence of biotinylated oligonucleotide (Fig. 2) .
Influenza virus polymerase activity measured in the poly(A) SPA assay
Next we investigated the influence of poly(A) generating influenza polymerase on the signal in the coupled SPA assay. Influenza RNP was used as the source of polymerase enzyme. The RNP contains the polymerase bound to the genomic, viral template RNA. AMV RNA was used as a substrate for the RNP associated endonuclease activity. The endonuclease generates a primer RNA molecule from AMV RNA, which is then elongated by the influenza polymerase. Finally, the polymerase adds a poly(A) tail to the full-length transcripts of the genome. Figure 3A shows that the poly(A) dependent signal was directly related to the concentration of influenza RNP in the assay and to the incubation time. Under the conditions shown the specific activity increased linearly with time between 60 and 180 min (Fig. 3B) . The SPA signal was ∼10-fold lower in the absence of RNP. This background value was most likely due to low level unprimed reverse transcription on AMV RNA and was subtracted from the polymerase activities.
In the presence of saturating amounts of NTPs the influenza polymerase assay was linear with time for up to 5 h at 30°C (Fig. 3D) . Interestingly, the back-extrapolation of the linear phase of the curve crossed the x-axis above the origin. This indicates that a burst of product formation occurs at early times in the reaction and precedes the slower, linear steady state phase measured at later time points. Rapid bursts in product formation are observed in enzyme reactions, when a step other than the chemical step in the reaction pathway limits enzyme turnover and reaction re-initiation. Reactions following burst kinetics are characterised by the fact that the amplitude of the burst is directly related to the enzyme concentration, because the burst in product formation is generated from a single reaction The assay signal increased with increasing levels of polyadenylated globin mRNA (black triangles). Only low levels of signal were generated with non-polyadenylated RNA, AMV RNA (black circles). Background levels of signal were generated in the absence of biotinylated oligod(T) 20 initiation event. As shown in Figure 3C , the y-intercepts in the influenza polymerase reaction were linearly related to the RNP concentration, confirming burst kinetics of the complete transcription reaction. Burst kinetics were not observed in the TCA precipitation assay of influenza polymerase, in which the signal generated is not dependent on the generation of fulllength RNA (see below).
The TCA precipitation procedure only captures transcription events up to the phase of transcription elongation. Therefore, the burst kinetics observed in the polyadenylation dependent assay, which was absent in the TCA precipitation assay, suggested that a process at a stage later than transcription elongation was rate limiting in the complete influenza polymerase reaction. Consistent with this, a gel analysis of transcription elongation confirmed a high processivity of elongation by influenza polymerase and an elongation rate significantly higher than the steady state rate observed in the polymerase assay. Figure 4 shows a transcription reaction initiated with a labelled and capped 11mer RNA primer in the presence of all four NTPs and enzyme excess. The primer was efficiently elongated by influenza polymerase. Most of the primer molecules were converted into long RNA transcripts within 10 min at 30°C. In addition, abortive transcripts of 12 and 13 nt (primer +1 nt and primer +2 nt) were produced, similar to previous observations (16) . The influenza polymerase catalysed transcription elongation with high processivity as apparent from the absence of significant amounts of prematurely terminated transcripts in the area between 14 and ∼200 nt transcript length resolved on the gel shown in Figure 4 . To further evaluate the new assay format, the K m values for the NTP substrates of influenza polymerase were determined in the TCA and the SPA assay. The results are shown in Table 1 . The K m values determined in both assays for CTP, GTP and UTP were comparable, suggesting a good correlation between the two assay types. However, the K m value for ATP in the polyadenylation dependent assay was ∼15-fold higher than the K m value for ATP in the poly(A) independent TCA assay.
Yeast PAP activity measured in the poly(A) SPA assay
Yeast PAP was chosen as an example of a template independent PAP protein to test the assay principle. Similar incubation conditions and AMV RNA as the primer are described here to allow the comparison of results with the influenza RNA polymerase assay. However, other RNA molecules can replace AMV RNA in this assay. Figure 5A shows time courses of the polyadenylation reaction with three different concentrations of PAP (0.5, 0.2 and 0.08 U). Under these conditions the assay was linear with time up to 60 min at 30°C with 0.2 U and up to 120 min with 0.08 U PAP.
The titration of PAP in the assay gave rise to a sigmoidal curve with relatively increased PAP activity at higher protein concentrations (Fig. 5B) . The inset in Figure 5B shows the exponential increase of activity at low concentrations of yeast PAP. The same non-linear enzyme concentration dependence was observed in the TCA assay and has also been described before for mammalian PAP (31, 32) . Because of the sigmoidal dependence of activity on PAP concentration, the K m value for ATP was determined at 0.08 and 0.2 U of enzyme (Table 2) . When 0.08 U of PAP were used, the K m value for ATP was very similar to that previously reported with oligo(A) as a substrate (11). With 0.2 U PAP the K m value for ATP was slightly higher. Overall, the results of the kinetic analysis of yeast PAP activity in the TCA and poly(A) SPA assay were comparable in most aspects examined. However, an important finding was that the sensitivity of the poly(A) SPA assay was significantly greater than that achieved in the TCA assay. The PAP levels required to give a signal in the dynamic range of the assay were >100-fold lower in the poly(A) SPA assay as compared to the TCA precipitation assay.
Inhibition of influenza polymerase and yeast PAP by cordycepin triphosphate
3′-Deoxy-ATP (cordycepin-TP) is a chain terminating inhibitor of PAPs. Since cordycepin-TP is efficiently incorporated by yeast PAP, it can be used as a tool to label RNA 3′-ends (33) . To further validate the new assay format, we assessed the inhibition of influenza virus polymerase and yeast PAP by cordycepin-TP. As shown in Figure 6A , cordycepin-TP efficiently inhibited the activity of yeast PAP. The IC 50 values were directly related to the concentration of ATP in the assay, indicating a competitive mechanism of inhibition. Competitive inhibition was also consistent with a linear graphical analysis of the data according to Dixon and Webb [Dixon plot (34) ]. The K i value for cordycepin-TP was determined by fitting dose-response curves to the data in Figure 6A using the K m value for ATP as determined previously (Table 2) . These values were identical within error to the K i values determined from Dixon plot analysis. The K i value for cordycepin-TP was significantly lower than the K m value for ATP resulting in significant inhibition of yeast PAP at relatively low concentrations of cordycepin-TP. Importantly, the activity of Expand-RT was not reduced by up to 500 µM cordycepin-TP (Fig. 6B) . Figure 7A shows the inhibition of influenza polymerase activity by cordycepin-TP at a concentration of 500 µM ATP in the assay. Inhibition was also found to be competitive with ATP. In contrast to yeast PAP, the K i value determined for inhibition by cordycepin-TP was similar to the K m value for ATP with influenza polymerase (Table 2) . In order to verify that the poly(A) SPA assay for influenza polymerase was dependent on the endonuclease activity of RNP to provide the polymerase primer we analysed the impact of an endonuclease inhibitor on the assay. The diketobutanoic acid compound 2, described by Merck Research Laboratories (35) was resynthesised, purified and named Ro32-7804 (Fig. 7B) . It has been shown that Ro32-7804 does not inhibit the RNA synthesis activity of influenza polymerase or reverse transcriptase at concentrations up to 1 mM, but it inhibited the endonuclease activity of influenza RNP with an IC 50 of 0.5 µM (35; K.Klumpp and L.Hooker, unpublished results). Figure 7A shows that this compound was active as a potent inhibitor of influenza polymerase activity in the poly(A) SPA assay. This confirmed that the assay was also dependent on the endonuclease activity of influenza polymerase to generate a primer molecule for RNA synthesis.
DISCUSSION
The current study addressed the requirement for a fast, sensitive and robust assay format to measure the activity of PAPs. In addition, the new assay encompasses for the first time all enzymatic activities of the influenza virus polymerase in a single-tube format, i.e. endonuclease activity, template dependent RNA synthesis activity and polyadenylation activity. The influenza polymerase signal in the poly(A) SPA assay was dependent on the endonuclease activity of influenza polymerase, as shown by the inhibition of signal generation in the presence of a selective endonuclease inhibitor. The assay was also dependent on the polyadenylation activity of influenza polymerase, because the signal from non-polyadenylated RNA in the assay was significantly below the signal from polyadenylated RNA.
Overall, the results obtained in the poly(A) SPA assay were very similar to those of the commonly used TCA precipitation assay. However, there were some interesting differences between the assay types. The poly(A) SPA assay was linear for up to 5 h under the assay conditions with saturating substrate concentrations, whereas the dynamic range of the TCA precipitation assay is generally limited by the concentration of labelled NTP and is difficult to keep saturated for long incubation times. Extrapolation of the linear phase in the poly(A) SPA assay gave a positive y-intercept dependent on the enzyme concentration, which suggested burst kinetics of the polymerase reaction. In contrast, the time courses in the TCA assay give no indication of a burst (36; L.Hooker and K.Klumpp, unpublished results). A major difference between the two assay types was that the poly(A) SPA assay was dependent on polyadenylation activity, whereas the TCA assay was not. Therefore, the observation of a burst exclusively in the poly(A) SPA assay suggested that the rate of the reaction was limited by a process after transcription elongation. Another indication that transcription elongation was fast as compared to the influenza polymerase rate observed in the poly(A) SPA assay came from the analysis of transcription elongation rates on polyacrylamide gels. The gel analysis of transcription showed a fast and highly processive mechanism of elongation for the influenza polymerase. It has been shown previously that the endonuclease activity was limiting the rate in a transcription initiation assay under single turnover conditions, whereas product dissociation was most likely rate-limiting for endonuclease and transcription initiation reactions under multiple turnover conditions (28, 37) . The endonuclease reaction is unlikely to be responsible for the burst in the poly(A) SPA assay, because no burst is observed in the endonuclease dependent TCA assay. What else could then be the ratelimiting step in the influenza polymerase reaction? One candidate process is a possible conformational transition of RNP associated polymerase between an elongation and a polyadenylation form. It is currently unknown if the polymerase pauses, and how long the potential pause could be before the polymerase engages in a slippage reiterative polyadenylation activity (15) . A second candidate process is reinitiation of transcription after transcription termination. Individual RNP molecules could go through cycles of repeated mRNA synthesis and transcription reinitiation after termination could be the ratelimiting process observed in the poly(A) SPA assay. Again, it is still unknown whether the influenza RNP is able to reinitiate transcription under in vitro conditions. Both of these possibilities demand further investigation.
Interestingly, the analysis of K m values for the NTP substrates of influenza polymerase indicated a significant shift of the K m value for ATP. This observation is consistent with a qualitative change of the polymerase complex and a possible conformational transition between processive RNA synthesis and reiterative poly(A) synthesis by slippage on a template oligo(U) stretch. The K m values for NTPs other than ATP were similar in the poly(A) SPA and TCA assay formats. As shown before, the K m values in capped RNA primed transcription reactions were lower than in transcription reactions primed with the dinucleotide ApG (16, 38) . Also consistent with previous results, the K m value for ATP was ∼10-fold greater than the K m values of the other NTPs in the polyadenylation independent assay, probably due to a conformational change of the RNP during transcription initiation (16, 38) .
The poly(A) SPA assay was also shown to be a suitable new assay format for yeast PAP. The poly(A) SPA assay gave very similar results to the alternative TCA precipitation assay. In particular, an unusual non-linear increase in activity with increasing PAP concentration was observed in both assay types. Also, the K m value for ATP was similar to previously reported values (11, 31, 32) . This confirmed that under the optimised assay conditions, the assay signal truly reflected PAP dependent activity. Interestingly, the poly(A) SPA assay was significantly more sensitive than the TCA assay. The reason for this increase in sensitivity could be due to the use of a relatively long RNA primer, AMV RNA (964 nt), which increases the amount of labelled marker incorporated during reverse transcription.
The poly(A) SPA assay was further validated by the analysis of inhibition of polyadenylation by cordycepin-TP. The yeast PAP enzyme was significantly more sensitive to inhibition by cordycepin-TP as compared to influenza polymerase. The K i value was >100-fold lower than the K m value for ATP in the case of yeast PAP, whereas those constants were of similar magnitude in the case of influenza polymerase. The inhibition by cordycepin-TP was competitive with ATP for both enzymes under the assay conditions, whereas no inhibition was apparent with Expand-RT in the presence of up to 500 µM cordycepin-TP. Similar low K i values for cordycepin-TP have been previously found with chromatin associated PAP from rat liver and purified template independent PAP of yeast and Vaccinia virus (39) (40) (41) . The observation of relatively low K i values for cordycepin-TP is most likely due to the fact that this nucleotide analogue is a chain terminator when incorporated into a nascent RNA molecule. In this respect, RNA synthesis and polyadenylation by influenza virus RNA polymerase was surprisingly resistant to inhibition by 3′-deoxy-ATP.
The analysis of cordycepin-TP inhibition illustrates the potential of the poly(A) SPA assay format to be widely applicable to screen for inhibitors of viral polymerases, which contain associated polyadenylation activity, or to PAPs of other infectious or parasitic organisms, for example pathogenic fungi and protozoa. It should be noted that in our example, cordycepin-TP did not inhibit the reverse transcriptase. However, other compounds from random screening approaches could inhibit this assay type by targeting the reverse transcriptase. Therefore, either parallel reverse trancriptase control reactions using globin mRNA in the assay, or a subsequent rescreen of inhibitors in a separate reverse transcriptase reaction, should be performed as a first step of inhibitor characterisation. The small amount of additional analysis required in this respect is in our experience more than compensated by the convenience and speed of the assay and the unique opportunity to screen all phases of the complete mRNA synthesis process in a single reaction.
Taken together, we have developed a new assay format for PAPs, which can replace the more labour intensive precipitation-filtration or filter binding protocols more commonly used with these enzymes. In contrast to direct radioactive and fluorescent assays, the poly(A) SPA assay allows the polyadenylation reaction to be performed in the presence of optimal concentrations of substrates, and a complete set of natural substrates can be used, rather than substrates modified with large tagging groups. The assay reproduced known features of the reaction kinetics of two unrelated enzymes, influenza RNA polymerase and yeast PAP. Analysis of reaction kinetics in the new assay suggests a previously undetected rate-limiting step, which occurs after transcript elongation with influenza RNA polymerase on RNP particles. For yeast PAP, the new assay format was found to be significantly more sensitive than commonly used alternative assays.
